The biochemistry of early stages of hematopoietic differentiation is difficult to study because only relatively small numbers of precursor cells are available. The murine EML cell line is a multipotential cell line that can be used to model some of these steps. We found that the lineage ؊ EML precursor cells can be separated into two populations based on cell surface markers including CD34. Both populations contain similar levels of stem cell factor (SCF) receptor (c-Kit) but only the CD34 ؉ population shows a growth response when treated with SCF. Conversely, the CD34 ؊ population will grow in the presence of the cytokine IL-3. The human ␤-globin locus control region hypersensitive site 2 plays different roles on ␤-globin transcription in the CD34 ؉ and CD34 ؊ populations. The two populations are present in about equal amounts in culture, and the CD34 ؉ population rapidly regenerates the mixed population when grown in the presence of SCF. We suggest that this system may mimic a normal developmental transition in hematopoiesis.
The biochemistry of early stages of hematopoietic differentiation is difficult to study because only relatively small numbers of precursor cells are available. The murine EML cell line is a multipotential cell line that can be used to model some of these steps. We found that the lineage ؊ EML precursor cells can be separated into two populations based on cell surface markers including CD34. Both populations contain similar levels of stem cell factor (SCF) receptor (c-Kit) but only the CD34 ؉ population shows a growth response when treated with SCF. Conversely, the CD34 ؊ population will grow in the presence of the cytokine IL-3. The human ␤-globin locus control region hypersensitive site 2 plays different roles on ␤-globin transcription in the CD34 ؉ and CD34 ؊ populations. The two populations are present in about equal amounts in culture, and the CD34 ؉ population rapidly regenerates the mixed population when grown in the presence of SCF. We suggest that this system may mimic a normal developmental transition in hematopoiesis.
c-Kit ͉ CD34 ͉ EML cells ͉ hypersensitive site 2 T he early stages in the differentiation of hematopoietic stem cells are difficult to study in normal cells because of the paucity of such precursors relative to more mature cells. As a surrogate several murine cell lines have been developed that can be differentiated into more than one lineage in vitro (1) (2) (3) . EML is one such line, developed from murine bone marrow cells transfected with a vector expressing a dominant negative form of the retinoic acid receptor (1) . EML cells are indefinitely propagatable in medium containing stem cell factor (SCF) and can be differentiated into erythroid, myeloid, and perhaps lymphoid cells in vitro. EML cells also can be recloned without losing their multipotential character, and similar cell lines can be repeatedly derived from murine marrow.
We have examined the lineage-negative cells (Lin Ϫ cells) present in a population of EML cells growing exponentially in SCF and found they can be separated into two subpopulations on the basis of surface CD34 expression. The two populations are present in about equal amounts, and growth of the CD34 ϩ population in SCF rapidly regenerates a mixed population containing about equal amounts of CD34 ϩ and CD34 Ϫ cells. Although the two populations resemble each other in morphology, levels of SCF receptor expression, and overall pattern of mRNA expression, they differ in growth characteristics and patterns of receptor phosphorylation in response to cytokines. Contrary roles of locus control region (LCR) hypersensitive site 2 (HS2) on ␤-globin promoter in the two populations were observed. We suggest that these two populations represent models for an early step in the differentiation of normal hematopoietic precursors.
Materials and Methods
Cell Culture. EML C1 cells were the kind gift of Schickwann Tsai (University of Utah, Salt Lake City) and were cultured as described (1) . The cells were induced to differentiate into erythroid, myeloid, or lymphoid cells by the protocols described in ref. 1 . For myeloid differentiation, most of the cells died after the cultures were switched from the combination of SCF, IL-3, and all-trans retinoic acid (10 M) medium into granulocytemacrophage colony-stimulating factor medium on day 3. The dead cells were removed by using the dead cells removal kit (Miltenyi Biotech, Auburn, CA), and RNA was extracted from the live cells. For lymphoid differentiation, the differentiated EML cells were separated from the stromal cell W20 feeder cells (gift of Schickwann Tsai) at the time of harvest by FACS using size scatter. The EML cells were clearly separated from W20 cells because of their smaller side scatter.
RNA Extraction and Microarray Analysis.
RNA from the different cell samples was extracted with an RNeasy kit (Qiagen, Valencia, CA). RNA quality was evaluated by measuring the ratio of 28S to 18S rRNA on agarose gel electrophoresis and determining the ratio of optical absorbance at 260 and 280 nm. Samples were rejected if the A280͞A260 was Ͻ1.8, the 18S͞28S rRNA was Ͼ0.6, or the samples showed any traces of degradation or DNA contamination on gel electrophoresis. RNA expression analysis was performed on the mouse MG-U74 or A430 chip sets by using standard techniques for probe preparation and the Affymetrix (Santa Clara, CA) MAS 5.0 normalization procedure. Lentviral Reporter Assays. The human ␤-globin promoter (sequence: 5Ј-GGTACGGCTGTCATCACTTAGACCTCACC-CTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTC-CCAGGAGCAGGGAGGGCAGGAGCCAGGGCTGGGCA-TAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTT-GCTTCTGACACAAC-3Ј) or ␤-globin promoter with a upstream insert of the enhancer regions of the ␤-globin LCR HS2 (sequence: 5Ј-CAGTTTTTCCTTAGTTCCTGTTACATTTC-TGTGTGTCTCCATTAGTGACCTCCCATAGTCCAAGCA-TGAGCAGTTCTGGCCAGGCCCCTGTCGGGGTCAGTG-CCCCACCCCCGCCTTCTGGTTCTGTGCAACCTTCTAA-GCAAACCTTCTGGCTCAAGCACAGCAATGCTGAGTC-ATGATGAGTCATGCTGAGGCTTAGGGTGTGTGCCCA-GATGTTCTCAGCCTAGAGTGATGACTCCTATCTGGGT-CCCCAGCAGGATGCTTACAGGGCAGATGGCAAAAA- AAAGGAGAAGCTGACCACCTGACTAAAACTCCACCT-CAAACGGCATCATAAAGAAAATGGATGCCTG-3Ј) was cloned upstream of the destabilized eGFP gene (d2-eGFP, half-life of 2 h; Clontech). These cassettes were then cloned into a self-inactivating lentiviral vector plasmid (gift of Irving L. Weissman's laboratory at Stanford University, Stanford, CA). Lentiviruses were produced as described (4, 5) . Briefly, 293T cells were transfected with the transfer vector plasmids, the vesicular stomatitis virus glycoprotein envelope-encoding plasmid pMD.G, and the packaging plasmid CMV R8.74. Viral supernatant was collected 24 h later and stored at 4°C. Fresh media were added to the plates, and virus-containing medium was collected 24 h later again. The final supernatants were pooled together and concentrated by ultracentrifugation. EML cells (1 ϫ 10 5 ) were transduced with at least 1 ϫ 10 6 of the reporter lentiviruses and cultured in SCF medium (Iscove's modified Dulbecco medium supplemented with 15% BHK conditional medium and 15% horse serum). GFP expression and cell surface markers were analyzed by FACS 2 days after transduction of the cells. Cell Proliferation and Cell Apoptosis Analyses. The separated cells were subcultured in the different media at the same cell concentration (1 ϫ 10 5 cells per ml). Dead cells were detected by trypan blue staining. Apoptotic cells were detected by using a vibrant apoptosis assay kit (Molecular Probes).
Separations of Lin
Real-Time Quantitative PCR and PCR. RNA samples were the same as those that had been used for microarray analysis, and cDNA was reverse-transcribed by using a first-strand cDNA synthesis kit for RT-PCR(AMV) (Roche Applied Science) as described in the manufacturer's protocol. The real-time PCRs were carried out from cDNA samples by using the iQ SYBR green supermix (Bio-Rad), as described in the manufacturer's protocol, and the following sequence of DNA primers: CD34, forward ACCACAGACTTC-CCCAACTG and reverse TCGGAGCAGAAGATGATGTG; cKit, forward GGGCTAGCCAGAGACATCAG and reverse AG-GAGAAGAGCTCCCAGAGG; Sca-1, forward CCCCTACCC-TGATGGAGTCT and reverse TTCCTGGCAACAGGAA-GTCA; CSF2rb1, forward CCACTCTCTGCCTGATCTCC and reverse CCCACACTGCACATCCATAG; EPO R, forward CCCAAGTTTGAGAGCAAAGC and reverse TGCAGGCTA-CATGACTTTCG; GATA1, forward CCCAAGAAGCGAAT-GATTGT and reverse TTCCTCGTCTGGATTCCATC; GATA3, forward CTGGAGGAGGAACGCTAATG and reverse GTT-GAAGGAGCTGCTCTTGG; and GAPDH, forward AACTTT-GGCATTGTGGAAGG and reverse ACACATTGGGGGTAG-GAACA. GAPDH was used to normalize all real-time PCR fractions for comparison. The sequence of destabilized GFP (dGFP) was amplified from genomic DNA extracted from Lin Ϫ CD34 ϩ GFP Ϫ and Lin Ϫ CD34 ϩ GFP ϩ EML cells transduced with an HS2-␤-globin promoter-dGFP cassette by standard PCR using the following DNA primers: forward TATATCATGGC-CGACAAGCA and reverse CTGGGTGCTCAGGTAGTGGT.
Immunoprecipitation and Immunoblotting Analyses. The sorted Lin Ϫ CD34 ϩ and Lin Ϫ CD34 Ϫ EML cells were incubated in SCF medium for 2 h and then washed with PBS twice. The cells subsequently were starved (cultured in Iscove's modified Dulbecco medium with 0.5% BSA without serum or SCF at 1 ϫ 10 6 per ml) for 4 h in the incubator. Starved cells were treated with 100 ng͞ml purified SCF or 5 ng͞ml purified IL-3 (PeproTech, Rocky Hill, NJ) or the combination of SCF and IL-3 for 10 min. Cells were pelleted, washed with ice-cold PBS, and lysed at 10 7 ͞ml with ice-cold lysis buffer as described (6) . The lysates were cleared by centrifugation for 10 min at 18,000 ϫ g. c-Kit and IL-3 receptor (IL-3R)͞␤-chain were immunopreciptated from the cleared lysates with the relevant antibodies [antibodies recognizing c-Kit (SC1494) and IL-3͞IL-5͞granulocyte-macrophage colony-stimulating factor receptor ␤(SC-678) from Santa Cruz Biotechnology] at 1:50 dilution for 3 h on ice. After addition of protein G-Sepharose the suspension was incubated by rotating for 1 h. After three washes in lysis buffer, the beads were boiled in SDS͞PAGE sample buffer for 5 min and analyzed by Western blotting. Samples were resolved with SDS͞PAGE, transferred to Immobilion-P, and immunoblotted with the relevant antibodies (antibodies specific for pTyr 719-Kit, 3391 and phosphor-tyrosine P-Tyr-100, 9411 from Cell Signaling Technology, Beverly, MA), according to the antibody manufacturer's instruction.
Results
As described in the literature, our culture of EML cells grew with an apparent doubling time of 24 h, when cultured in SCF medium. Because this cell line can be differentiated into more than one lineage we were interested in looking for heterogeneity in the precursor populations. We therefore used magnetic beads coated with a mixture of antibodies directed against lineage markers to prepare by negative selection a population of Lin Ϫ EML cells from an exponentially growing culture. We then analyzed this preparation by FACS, using antibodies directed against CD34 and Sca-1 markers of immature hematopoietic cells. As shown in Fig. 1 , in each of several experiments we observed that the cells could be separated into two slightly overlapping populations of approximately equal size. One population was CD34
Ϫ and Sca-1 low and the other was CD34 ϩ and Sca-1 high . We have previously shown that, after a binormalization procedure, principal component analysis of mRNA expression data derived from Affymetrix oligonucleotide arrays clearly separates multiple lineages of mature hematopoietic cells into nonoverlapping clusters (7, 8) . Protocols have been presented for differentiating EML cells toward erythroid cells, myeloid cells, or cells resembling lymphocytes by manipulation of the growth conditions and cytokine milieu of these cells. We prepared EML cells differentiated toward each of these cell types and compared the RNA analysis from these cells with parental EML cells and Lin Ϫ CD34 ϩ and Lin Ϫ CD34 Ϫ cells, separated by preparative FACS analysis. As shown in Fig. 2 , the mRNA expression patterns in the two subpopulations of the Lin Ϫ cells mapped close to one another and near the mixed population of Lin Ϫ cells when compared with the various partially differentiated populations.
Examination of the mRNA patterns of the two subpopulations of cells showed that both expressed erythroid cell markers such as mRNA for the globin early and light chains and GATA1 (9, 10) . However, these were expressed at a significantly higher level in the CD34 Ϫ cell population as were Pira and Pirb, Ig-like surface molecules associated with myeloid cells, and mast cell proteases. This constellation of mRNAs from more than one mature lineage would be consistent with the CD34 Ϫ cells being roughly comparable to the chronic myelogenous leukemia common myeloerythroid precursor described by Weissman and colleagues (11) (12) (13) . In particular, the relative elevation of mRNAs for a number of erythroid genes suggested that either a subpopulation of the CD34 Ϫ cells was differentiated into purely erythroid precursors or these cells represented a mixed differentiation state with prominent erythroid potential (Table  1) . Conversely, the CD34 ϩ cells expressed higher levels of the early myeloid marker myeloperoxidase and a few genes, such as BCL3 (14) , vav (15) , and CD7 (16) that have been associated with lymphocyte development or function, and might reflect a potential for differentiation into nonmyeloid cells.
Because the CD34 ϩ cells expressed significant amounts of mRNA for globins, it was possible that they represented a mixed population with some cells differentiated along the erythroid lineage and others from different lineages but without having matured to the point where they expressed detectable amounts of lineage-specific surface markers. An additional possibility was that cells fluctuated between a state in which they produced erythroid genes and other states in which these genes were suppressed. To test this possibility, we prepared self-inactivating lentiviral vectors expressing an unstable GFP driven by the ␤-globin promoter. Two constructs were prepared that were identical except that one construct contained a mini-LCR (HS2) inserted upstream of the ␤-globin promoter (17) . Cells were transduced with either construct and analyzed by FACS to compare GFP expression in the CD34 ϩ and CD34 Ϫ populations. In the absence of the LCR enhancer region GFP was strongly expressed in most of the cells in the culture, and there was no distinction in the levels of expression of GFP between the two cell types (Fig. 3A) . However, somewhat unexpectedly, as shown in Fig.  3B , with constructs containing the LCR, the expression of GFP in the CD34 ϩ cells was significantly reduced compared with either the CD34 Ϫ cells or the CD34 ϩ cells carrying a construct without the LCR. Although some of the cells not expressing GFP may have evaded infection by the lentivirus vector, PCR of viral sequences showed that the vector sequences were present in the GFP Ϫ cells at levels similar to those in the GFP ϩ cells (Fig. 3C) . Also, cultivation of the CD34 high , GFP low cells in SCF regenerated CD34 low , GFP high cells (Fig. 4A) . These results raise the possibility that the LCR elements can act to dampen the levels of globin expression in immature cells and augment it as erythroid cells mature. Further, with the exception of a few CD34 ϩ cells that expressed GFP strongly, most of the CD34 ϩ cells fell into a single cluster well separated from the CD34 Ϫ cells on the basis of GFP expression. Culture of the CD34 ϩ GFP-expressing cells in SCF rapidly generated a population of largely CD34 Ϫ GFP-expressing cells (Fig. 4B) (Fig.  5A) . The CD34 Ϫ cells in the same medium slowly began to accumulate some CD34 ϩ cells (data no shown), but the time scale is such that they could have come from contaminating CD34 ϩ cells in the preparation. The CD34
Ϫ cells did not increase in cell number when cultivated with SCF within 3 days after the FACS. They grew somewhat slowly in IL-3 and rapidly when the medium was supplemented with both IL-3 and SCF (Fig. 5B) . In contrast, the CD34 ϩ cells grew in SCF alone although they grew more rapidly with the combination of SCF and IL-3 (Fig. 5B) . The apoptosis analysis showed that there were Ϸ15% more apoptotic cells in CD34 Ϫ cells cultured in SCF medium compared with CD34 ϩ cells (data no shown). By Affymetrix cDNA analysis, real-time PCR (Table 1) and Western blotting (Fig. 6A) both the CD34 ϩ and CD34 Ϫ cell fractions had similar levels of expression of the SCF receptor c-Kit. However, the CD34 Ϫ cells had several-fold more mRNA for the common IL-3R͞␤ chain than did the CD34 ϩ cells (Table  1) . To investigate why the CD34 Ϫ cells did not grow in SCF, we immunoprecipitated the c-Kit receptor or the IL-3R͞␤ chain from cells grown under various conditions, and then checked for the presence of phosphotyrosine in either receptor. As expected the c-Kit receptor rapidly became tyrosine-phosphorylated after addition of SCF to the CD34 ϩ cells (Fig. 6B) . However, even in the presence of the same amount of receptor and SCF, the c-Kit receptor in the CD34 Ϫ cells did not become tyrosinephosphorylated (Fig. 6C) . Curiously, addition of IL-3 instead of SCF produced some level of increased phosphotyrosine in the c-Kit from the CD34 Ϫ cells (Fig. 6C) . Addition of SCF and IL-3 together synergistically produced marked phosphorylation of c-Kit in CD34 ϩ and CD34 Ϫ cells (Fig. 6 B and C) . In CD34 Ϫ cells, stimulated with IL-3 for 10 min, the IL-3R͞␤ chain became tyrosine-phosphorylated. Also significant phosphorylation of IL-3R͞␤ chain could be detected after SCF treatment. Furthermore, stimulation with IL-3 together with SCF markedly enhanced the phosphorylation of IL-3R͞␤ chain (Fig. 6D) . These results suggest that transphosphorylation or some other form of transregulation between c-Kit and IL-3R͞␤ chain occurs in CD34 ϩ and CD34 Ϫ cells. Discussion EML cells are described as a multipotent cell line, with indications that they may differentiate into megakaryocyte-or lymphocyte-like cells. There is definite evidence for their capacity to differentiate along the erythroid lineage or give rise to cells that can develop into mature neutrophils. The mRNA analyses presented here are consistent with this differentiation potential, although there was pronounced erythroid bias as represented by expression of globins, GATA1 (but also GATA2), EKLF, erythropoietin receptor, and several other genes involved in red cell cytoskeleton formation or heme synthesis (18) (19) (20) . Because the EML cell line can be repeatedly cloned and has been rederived from normal marrow, it has been suggested that it reflects the features of normal multipotential hematopoietic precursor cells. Nevertheless, the block to granulocytic differentiation induced by the dominant negative retinoic acid receptor raises the caution that these cells may not reflect in its entirety any single stage of normal development. The heterogeneity in normal cultures of EML cells propagated for relatively long periods of time indicate that there must be both ongoing self-renewal of precursor cells and differentiation of progeny in these cultures. This potential is strikingly demonstrated by the observation that the CD34 ϩ Lin Ϫ cell population can, within a few days of exponential growth, re-establish a mixed culture in which there are about equal numbers of CD34 ϩ and CD34 Ϫ Lin Ϫ cells. The CD34 Ϫ cells cannot proliferate in media containing only SCF, suggesting that they are derived from the CD34 ϩ cells. However, the population as a whole is growing rapidly so that overall each CD34 ϩ cell appears to have an equal probability of generating two CD34 ϩ cells or at least one CD34 Ϫ cell. In several models of multizoate stem cell division, a niche containing other types of cells provides an environment that modulates the outcome of stem cell divisions, sometimes leaving one stem cell attached to a site in the niche, whereas the other progeny leaves the niche and differentiates (21) (22) (23) (24) (25) . However, with EML cells in solution there is no anatomical niche as the cells grow in suspension with no matrix. This observation suggests that the choice is regulated by either a tightly controlled stochastic mechanism or a determined pattern of selective differentiation such as occurs in dividing Schizosaccharomyces pombe cells (26) (27) (28) .
A construct expressing unstable GFP driven by the ␤-globin promoter produced strong GFP signals in essentially all cells whether CD34 ϩ or CD34 Ϫ . However, when the enhancer regions of the ␤-globin LCR HS2 was inserted upstream from the ␤-globin promoter, there was a marked down-regulation of GFP expression in the CD34 ϩ but not the CD34 Ϫ cells. Both CD34 ϩ and CD34 Ϫ cells express GATA2, an early hematopoietic tran- scription factor, and GATA1, a factor associated with mature erythropoiesis and megakaryocytopoiesis (10, 29, 30) , and both express mRNA for a number of erythroid genes. However, the levels of GATA1 and globin mRNA are higher in the CD34 Ϫ cells. This difference could have been caused by heterogeneity in the populations or alternatively could reflect a more erythroid character of the entire CD34 Ϫ population. FACS analysis of GFP expression on a cell-by-cell basis favored the latter interpretation. Conversely, the FACS analysis suggested that there might be some heterogeneity in the CD34 ϩ cell fraction, with the existence of a minor population of these cells that are more erythroid in character than the major population. The globin HS2 enhancer has been shown in a variety of studies to act as an enhancer of transcription in erythroid cells (17, (30) (31) (32) . The present studies raise the possibility that these same sequences may act to limit the expression of linked promoters in early hematopoietic precursors, and it will be of interest to extend these results and determine which factors bind the LCR in the CD34 ϩ cells. After the present experiments were completed, reports (33, 34) appeared suggesting that the globin LCR may act as a negative regulator of gene expression under some circumstances, and our present observations are consistent with that proposal.
The failure of the CD34 Ϫ population of cells to grow in SCF medium was somewhat surprising as they express levels of the SCF receptor (c-Kit) that are virtually the same as the levels in the SCF-responsive CD34 ϩ cells. In contrast, the CD34 Ϫ cells grew to moderate extent in IL-3 alone, whereas the CD34 ϩ cells did not. This growth may be related to an increased level of mRNA for the IL-3R͞common ␤ chain in the CD34 Ϫ cells. The shift from SCF-dependent growth to a requirement for other cytokines such as IL-3 is a plausible early differentiation event, permitting the body to separately regulate the proliferation of different stages of precursor cells (35) (36) (37) . The present studies show that this shift is related to a failure of SCF to cause detectable c-Kit tyrosine phosphorylation in the CD34 Ϫ cells. This lack of c-Kit phosphorylation could, in principle, be caused by either failure to activate the receptor or a phosphatase activity that rapidly dephosphorylated the tyrosines on the receptor (38) . However, curiously, IL-3 treatment without SCF caused some phosphorylation of c-Kit in the CD34 Ϫ cells, so that phosphatase inhibition is less likely. The synergistic growth effect of IL-3 together with SCF correlated with a very prominent phosphorylation of c-Kit and IL-3R͞␤ chain in the CD34 Ϫ cells treated with the cytokine combination. This finding suggests the transphosphorylation between c-Kit and IL-3R occurred in CD34 ϩ and CD34 Ϫ cells. Our results correlate with the results for c-Kit and erythropoietin receptor where transphosphorylation has been observed and suggested to contribute to synergy (39) . The full explanation for these phenomena awaits further research. However, it is interesting that a physical association between IL-3R and SCF receptor has been noted in other cell types (6) , and the present results would be consistent with a functional interaction between at least some subunits of the receptors in the EML cells.
In summary, we present evidence that EML cells cultured in SCF are a mixed culture that includes a subpopulation that is replicating and gives rise to a second SCF nonresponsive population to maintain a fairly precise ratio of cell populations in the culture. The change from the CD34 ϩ replicating population to the nonreplicating cells is associated with a specific loss of response of the receptor c-Kit to SCF together with the acquisition of a growth response to IL-3. This system provides an opportunity to study bulk cultures of precursor cells that undergo self-renewal and differentiation in a quantitatively precise way in the absence of any stem cell niche.
